Abstract. Various chemical compositions (1-x)CaTiO 3 +xMgF 2 +xLiF were prepared and dryground. The powder mixtures were pressed to pellets and co-fired at 900°C for 2h. The obtained ceramics were investigated by XRD, SEM, DSC and dielectric measurements. A new solid solution with nominal composition Ca 1-x Mg x (Ti 1-x Li x )O 3-3x F 3x occurred in the initial composition range 0 ≤ x ≤ 0.25. The fluoride additive MgF 2 +LiF lowered significantly the sintering temperature of pure CaTiO 3 . Above room temperature, one or two second order phase transitions were detected by DSC and confirmed by dielectric measurements. Moreover, below room temperature, a frequency peak dependent on the permittivity and losses was observed and the quantum paraelectric behaviour of CaTiO 3 disappeared with increasing x. These oxifluorides could be of interest for electronic applications.
Introduction
Most of the well-known ABO 3 compounds, such as: CaTiO 3, SrTiO 3 , BaTiO 3 , PbTiO 3 , PbZrO 3 , NaNbO 3 , KNbO 3 , crystallize in the perovskite structure. These materials and their solid solutions are of a great interest for several applications thanks to their easy synthesis by various methods (solid state reaction, sol-gel, hydrothermal or mechanochemical synthesis…) and their properties (piezoelectricity, pyroelectricity, ferroelectricity...). Due to their dielectric performances, they are mostly used in the electronic industry as capacitors, detectors, sensors, resonators, actuators, and memories [1, 2, 3] . Nowadays, some of ABO 3 ceramics became the "heart" of smart systems in many electronic devices with high level of intelligence. Up to now, the varied PZTs have dominated the huge market of microelectronic components [2, 3] . However, lead (Pb) is very toxic and may seriously affect human health and natural environment. Therefore, extensive research is actually oriented toward the replacement of lead-based ceramics with lead-free materials [4] . In this way, calcium titanate attracted a lot of researchers.
CaTiO 3 which is the prototype of the important perovskite structural family is well-known for the treatment and the storage of nuclear wastes [5] and as catalyst in the oxidation of light hydrocarbons [6] . In the last decade, the expansion of microwave technologies and systems miniaturization induced the need of new generation of dielectrics and CaTiO 3 related materials have been found to be among the most promising materials in wireless and mobile communications [7] . Calcium titanate has a large positive temperature coefficient of the resonance frequency (τ f ≅ +850 ppm/°C) and could be combined to other compounds with negative τ f yielding materials with a near-zero temperature coefficient [8] .
Calcium titanate shares a combination of electrical, mechanical, thermal and optical properties.
CaTiO 3 structure and its phase transitions have been investigated by a lot of authors using various techniques. Several authors have detected two phase transitions whatever the method used, whereas Kennedy et al. have found three phase transitions [13] . According to Roushown and Masatomo [14] , calcium titanate undergoes two reversible phase transitions:
There is no evidence of Cmcm phase observed by Kennedy et al. between the Pbnm and I4/mcm structures.
The objectives of the present work are, first, the sintering at low temperature of lead free CaTiO 3 -based ceramics, and then, the investigation of phase transitions and dielectric properties in the obtained samples.
Experimental Procedures
Starting Materials and Ceramics Preparation. All used components were Merck products of 99.9 % purity or of suprapur quality. CaCO 3 and TiO 2 were previously dried at 150°C for 72 hours in order to eliminate the humidity. The fluorides MgF 2 and LiF were dessicated by heating at 150°C under vacuum for 4h, in order to prevent from any hydrolysis during the sintering process.
The major constituent CaTiO 3 was previously prepared in air by the conventional solid-state route using CaCO 3 and TiO 2 (rutile). A stoichiometric mixture of these starting products was finely ground in an agate mortar and then calcined at 850°C for 8 hours. Various molar mixtures (1-x)CaTiO 3 +xMgF 2 +xLiF were prepared and then dry-ground for approximately 30 min in an agate mortar. The powders thus obtained were pressed to discs of 13 mm diameter and about 1-2 mm thickness under a uniaxial pressure of 100 MPa. These pellets were sintered in air at 900°C for 2 hours on zirconia plates with a heating rate of 200 °C.h -1 .
X-ray Diffraction. X-ray diffraction (XRD) analyses were carried out at room temperature on the sintered pellets crushed into fine powders. The data were collected in the 2θ range from 5 to 80° using a PHILPS PW 1710 diffractometer with the monochromatic radiation Cu K α1 = 1.5460 Å. The unit cell parameters were determined and refined using a least squares refinement program.
SEM Observations. The microstructures were characterized by scanning electron microscopy observations performed on fractured ceramics without metallization with a JEOL JSM-6360 LV apparatus using a voltage of 10 kV and various magnifications.
DSC Analyses. Differential scanning calorimetry (DSC) analyses were carried out on crushed ceramics into fine powders over the temperature range 298 -873K in the presence of nitrogen gas (N 2 ) with a PERKIN-ELMER apparatus. The heating rate was 10 K.min -1 .
Dielectric Measurements. Both faces of the sintered pellets were electroded with a thin silver layer to make capacitors. The real permittivity ε' r and dielectric losses tanδ were measured on heating under argon gas (Ar) in the temperature range 200 -600 K at various frequencies (10  2 Hz, 10  3 Hz,  10 4 Hz, 10 5 Hz) using an Agilent 4263B Capacitance Bridge. The measurements were computer controlled and, before each measurement, the ceramic was heated in the cell under vacuum at 150°C for 2 h to avoid any contribution of moisture on the dielectric characteristics.
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Results and Discussion
X-ray Diffraction Analysis. Fig. 1 reports the XRD powder diffractograms of (1-x)CaTiO 3 -xMgF 2 -xLiF ceramics sintered at 900°C for 2h. The X-ray peaks of the fluorinated samples were indexed by comparison with the CaTiO 3 orthorhombic phase at room temperature. As a result, a novel solid solution with nominal composition Ca 1-x Mg x (Ti 1-x Li x )O 3-3x F 3x is obtained in the initial composition range 0 ≤ x ≤ 0.25. This one is isomorphous with pure CaTiO 3 . The symmetry remains orthorhombic whatever the composition is. Table 1 The shrinkage coefficients are in the range 5 -23 % and increase non-linearly with increasing x. The ceramics containing MgF 2 +LiF are very hard and difficult to crush, whereas the pure CaTiO 3 sample sintered in the same conditions is very brittle.
No secondary phases are observed on the SEM micrographs. This result is in agreement with the XRD study. In comparison with CaTiO 3 , the ceramics containing MgF 2 +LiF display compact microstructures with little inter-granular porosity, consistent with ∆Φ/Φ values. As x and ∆Φ/Φ increase the porosity decreases, whereas the grain size increases to achieve 6 µm for x = 25 mol. %.
The grain morphology and size are not homogeneous. The micrograph of the sample corresponding to x = 0.25 illustrates clearly the presence of small (0.7 µm) and large (6 µm) grains. Furthermore, the grains are well crystallized with an orthorhombic shape.
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As a result, the fluoride mixture MgF 2 +LiF plays a double role: as a substituent which enters the host lattice to form the solid solution and as a sintering agent which improves consequently the sintering process of CaTiO 3 at low temperature. This result agrees quite well with our previous works on fluorinated ceramics related to ATiO 3 perovskites.
For the understanding of the sintering process at low temperature (T<1000 °C) in perovskitetype oxyfluorides, we studied in detail ceramics and single crystals with Ba(Ti 1-x Li x )O 3-3x F 3x composition [16, 17, 18] . The composition of the grains and the grain boundaries in ceramics was compared to that of crystals [17] . This study proved clearly the presence of a grain boundary phase with low melting temperature, facilitating the grains coalescence. The liquid phase was detected by TEM and chemical fluctuations were observed in the grains composition. 
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Differential Scanning Calorimetry. One (x ≤ 0.05) or two peaks (x > 0.05) are detected on the DSC curves in the temperature range investigated. Small changes in enthalpy (∆H < 0.12 kJ.mol -1 ) are associated to all the peaks. Therefore, these thermal phenomena are attributed to second order phase transitions. DSC thermograms of (1-x)CaTiO 3 +xMgF 2 +LiF samples for x = 0.05 and x = 0.15 are depicted in Fig. 4 . Fig.4 . DSC curves for (1-x) CaTiO 3 + x (MgF 2 + LiF) samples sintered at 900°C for 2h. Figure 5 illustrates, as examples, the temperature dependence of the real permittivity ε r ' and the dielectric losses tanδ of (1-x)CaTiO 3 +xMgF 2 +xLiF ceramics at various frequencies for x = 0.05 mol% and x = 0.25 mol%, respectively.
Dielectric properties.
The tanδ-T curves exhibit the same profile over the whole temperature range investigated, whatever the composition is. A frequency dependent peak is observed around room temperature.
On the contrary, the thermal dielectric response of ε r ' varies with the sample composition. The permittivity curves display an evident peak around room temperature, similar to that observed for tanδ. As the temperature decreases, ε r ' peak appears on a continuously rising of the permittivity due to the quantum paraelectric behaviour of the sample corresponding to x = 0.05 mol% (Fig. 5a) . Contrariwise, for x = 0.15 mol%, the peak is observed on a very stable background (Fig. 5b) . Therefore, we can deduce that the quantum paraelectric behaviour of CaTiO 3 disappears with increasing MgF 2 and LiF concentration. This result agrees quite well with previous works on chemically modified CaTiO 3 [9, 11] . Lemanov et al [9] investigated the chemical system (Ca 1-x A x )TiO 3 (A = Pb 2+ , Ba 2+ ) and found that the quantum paraelectric behaviour still persists for x = 0.05.
Chandra and Pandey studied the (Ca 1-x Pb x )TiO 3 system [11] and reported that the substitution of Ca 2+ by 10 or 20 mol% of Pb 2+ suppresses the quantum fluctuations in CaTiO 3 and stabilizes an antiferroelectric phase.
The dielectric anomaly observed as well on ε r '-T as on tanδ-T plots shows a strong frequency dispersion of ε r ' max and tanδ max , but Tε r ' max is frequency independent: Tε r ' max = 268 K for x = 0.05 and Tε r ' max = 294 K for x = 0.15. This dielectric phenomenon is probably due to a phase transition.
The phase transitions detected by DSC above room temperature at T 1 and T 2 respectively are pointed out as slight shoulders or inflexion points on the dielectric curves, as observed in a previous work on oxifluorides deriving from CaTiO 3 [19] .
Conclusion
Dense ceramics with nominal composition Ca 1-x Mg x (Ti 1-x Li x )O 3-3x F 3x were sintered at low temperature (T sint = 900°C) with the aid of MgF 2 and LiF additives. A new oxifluoride solid solution isomorphous to CaTiO 3 was obtained in the initial composition range 0 ≤ x ≤ 0.25. The ceramics compactness and the grain size increased with increasing x. Above room temperature, one or two second order phase transitions were detected by DSC and confirmed by dielectric measurements. Below room temperature, a phase transition was pointed out on the thermal plots of the permittivity and losses. Furthermore, the triple substitution Ca 2+ -Mg 2+ , Ti 4+ -Li + and O 2--F -suppressed the quantum paraelectric behaviour of CaTiO 3 with increasing MgF 2 +LiF amount. These ceramics could be of interest for electronic applications.
